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Long-Term Maintenance of Human Keratinocytes In Vitro
To the Editor:
Primary cells undergo only a limited number of cell divisions
in vitro before they cease to proliferate and enter replicative
senescence (Lundberg et al, 2000). This holds true for the
cultivation of primary keratinocytes, the predominant cell
type of the epidermis. Keratinocyte stem cells (KSC) main-
tained within the basal layer are responsible for long-term
maintenance and regeneration of skin. Based on long-term
retention of tritiated thymidine incorporated into DNA, a
subset of murine basal keratinocytes located in the bulge
region of the hair follicle was defined as label-retaining cells
(LRC) (Bickenbach, 1981; Potten and Morris, 1988; Cots-
arelis et al, 1990; Taylor et al, 2000). Such LRC were isolated
using fluorescence-activated cell sorting (FACS) for integrin
a6 in combination with CD71 (Tani et al, 2000), or in com-
bination with CD34 (Trempus et al, 2003). These cell pop-
ulations exhibited increased colony formation, another
hallmark of KSC (Barrandon and Green, 1987). Recently,
targeted expression of green fluorescent protein in LRC led
to the isolation and transcriptional profiling of mouse hair
follicle stem cells (Morris et al, 2004; Tumbar et al, 2004).
This study addresses the question of whether monolayer
culture conditions for primary human foreskin keratinocytes
(HFK) can be optimized to cultivate HFK for extended
periods of time.
Primary Human Keratinocytes Grown on Hydrophobic
Culture Dishes Show a Higher Proliferative Poten-
tial HFK propagated on uncoated hydrophobic culture
dishes (HO) using serum-free keratinocyte growth medium
showed a markedly increased life span compared with cells
grown on standard tissue culture dishes (TC) (121.83  16.2
vs 69.88  17.69 d; po0.000001), and reached a sig-
nificantly higher number of population doublings (PD)
(86.7  9.47 PD vs 36.5  13.1 PD; po0.000001). The es-
timated cell output per initial cell (2(max. number of PD-2)) was
significantly different with 1.8  1026  2.21  103 on hy-
drophobic plates versus 4.99  1010  8.72  103 on TC
(po0.005). This growth advantage was specific for keratin-
ocytes, since primary human foreskin fibroblasts (HFF)
exhibited unaltered growth properties under the same
conditions (Fig 1A). Cultivation on Mitomycin C-treated
feeder cells (F) (Rheinwald, 1980; Rheinwald and Beckett,
1980) appeared suboptimal for extended keratinocyte
growth under the culture conditions tested here and was
therefore not analyzed further (Fig 1A). This stands in con-
trast to a recent report where HFK could be grown for up to
100 PD on irradiated primary foreskin fibroblasts (Papini
et al, 2003). It is important to note that a G418-resistant
keratinocyte subpopulation was analyzed in this study,
whereas we analyzed the growth potential of unselected
HFK.
Higher Proliferative Potential Correlates with Higher
Clonogenic Potential The ability of keratinocytes to form
different-sized colonies in vitro has been correlated to their
proliferative potential (Barrandon and Green, 1987). To as-
sess colony formation potential, keratinocytes from both
populations (HO and TC) at passage 5 were seeded at
clonal density onto mitomycin C-treated feeder cells. After
4 wk in culture, only the cells from hydrophobic plates had
formed large colonies (Fig 1B). Thus, the observed in-
creased proliferative potential of keratinocyte populations
grown on hydrophobic plates correlated with higher clono-
genic capacity.
HFK Growing on Hydrophilic Dishes Senesce Prema-
turely The CDK4-inhibitor p16INK4A contributes to control
of senescence in various cell types, including keratinocytes
(Kiyono et al, 1998). Analysis of p16INK4A expression in
HFK grown on hydrophobic dishes revealed low levels of
p16INK4A protein in early passage (1–15) cells, and late in-
duction of p16INK4A at later passages (X18). In contrast,
cells growing on TC exhibited more rapid and sustained
p16INK4A-induction (Fig 2A). This was paralleled by in-
creased activity of senescence-associated b-galacto-
sidase, a marker for cellular senescence in epithelial cells
(Dimri et al, 1995) (data not shown) and increased ex-
pression of the differentiation marker transglutaminase II
(Fig 2A). Conversely, there was no difference in expression
levels of the differentiation marker involucrin (Fig 2A). There
is an ongoing debate on whether elevated p16INK4A protein
levels represent a physiologically relevant senescence pro-
gram (Ramirez et al, 2001). Because we observed correla-
tion of p16INK4A expression with increased expression of
transglutaminase II, increased senescence-associated b-
galactosidase activity, and shorter life span, we interpret the
higher p16INK4A expression in cells grown on TC dishes
as an indicator for stress-induced senescence rather than
differentiation.
HFK Grown on Hydrophobic Dishes Show Increased
Telomere Shortening Telomerase maintains telomere
length and structure in actively dividing cells and can con-
tribute to cellular immortalization (Masutomi et al, 2003).
Expression analysis of the catalytic subunit of telomerase,
Abbreviations: FACS, fluorescence-activated cell sorting; HFF, pri-
mary human foreskin fibroblast; HKF, primary human foreskin
keratinocyte; HO, untreated hydrophobic culture dish; KSC, kera-
tinocyte stem cell; LRC, label retaining cell; TC, standard hydro-
philic tissue culture dish
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Figure 1
Long-term growth capacity of primary human foreskin keratinocytes (HFK) and primary human foreskin fibroblasts (HFF). (A) Representative
growth curves of keratinocytes and fibroblasts grown under the indicated culture conditions (HO, hydrophobic, TC, standard tissue culture, F, feeder
layers). Cells were continuously passaged every 3 d (3  105 cells per 10 cm dish) on the indicated culture dishes until the cells ceased to proliferate.
The fraction of non-attaching cells was negligible. Number of population doublings per passage was calculated using the formula PD¼ (NtNp)/Np,
where Nt is the total number of cells harvested and Np is the number of cells plated. HFK were maintained in serum-free keratinocyte growth medium
(K-SFM; Invitrogen, Carlsbad, California) supplemented with recombinant human epidermal growth factor (5 ng per mL), bovine pituitary extract (50
mg per mL), and antibiotics. HFF were maintained in DMEM (Invitrogen) with 10% FBS, supplemented with glutamine (2 mM) and antibiotics. For
growth on feeder layers, mitomycin C-treated (4 mg per mL Mitomycin C; Sigma, St Louis, Missouri) Swiss 3T3 J2 mouse fibroblasts (obtained from
H. Green, Harvard Medical School, Boston, Massachusetts) or HFF were used as feeder cells and maintained in F-medium (0.66 mM Ca2þ , three
parts DMEM, one part Ham’s F-12), or E-medium (Meyers et al, 1994). Results are represented as averages and standard deviations from ten (TC
and HO) and three (F) independent experiments for HFK. For HFF, results from a representative experiment are shown. HFK and HFF populations
were established as described previously (Hasskarl et al, 2004). (B) Colony formation assay. Number of colonies per plate after 4 wk. HFK from
populations on HO and TC plates at passage number 5 were plated at the indicated density onto mitomycin C-treated feeder cells in 10 cm dishes.
Cultures were maintained in E medium for 4 wk, fixed in 4% paraformaldehyde, pH 7.4, and stained with 1% Rhodamine B to visualize individual
colonies. Inset: Average number of colonies per 10 cm plate with three different cell populations  standard deviation is depicted. (C) Repre-
sentative photomicrographs of HFK colonies ( ). Colonies in the TC plate and those on the HO plate not marked with are derived from surviving
fibroblasts, as confirmed by microscopic examination. Scale bar¼ 1 cm.
Figure 2
Analysis of senescence markers, telomere length, and integrin expression. (A) Expression analysis of proliferation and differentiation markers of
human foreskin keratinocytes (HFK). Total cell lysates were prepared as described previously (Hasskarl et al, 2004) and western blotting was
performed according to standard procedures. Primary antibodies used were: p16INK4A (C-20, Santa Cruz Biotechnology, Santa Cruz, California),
hTERT (H-231, Santa Cruz Biotechnology), Transglutaminase II (Ab-2, Neomarkers, Fremont, California), and Involucrin (Ab-1, Neomarkers). HO,
cells growing on hydrophobic dishes at the passage number indicated; TC, cells growing under standard tissue culture conditions at the passage
number indicated; N, hTERT-immortalized human oral keratinocytes (negative control for p16INK4A); S, SaOS-2 (positive control for p16INK4A). (B)
Analysis of telomere length of HFK grown on either standard tissue culture dishes (TC) or hydrophobic dishes (HO) for the indicated number of
passages. Genomic DNA (2 mg) was subjected to telomere length analysis using the Telo TAGGG Telomere Length Assay (Roche Diagnostics GmbH,
Mannheim, Germany) according to the manufacturer’s protocol. L, Control-DNA, low-molecular-weight telomeres; H, Control-DNA, high-molecular-
weight telomeres; MW, molecular weight marker. (C) Expression analysis of integrin expression. Expression of integrin a6, b4 and b1, and CD71 of
HFK growing on hydrophobic ( ) or standard tissue culture dishes ( ). Dotted: isotype control. Representative experiment of three independent
experiments. HFK were harvested using 1% EDTA in PBS, and re-suspended in fluorescence-activated cell sorting (FACS) buffer (PBS containing
2% FBS and 0.1% sodium azide). Approximately 106 cells were incubated with fluorochrome-labeled antibodies for 30 min on ice, washed three
times with FACS-buffer, and fixed in 2% p-formaldehyde in PBS. Analysis of a minimum of 10,000 events per sample after gating ensured statistical
significance. Antibodies used were R-phycoerythrin (R-PE)- and allophycocyanin Fluorescein isothiocyanate (FITC)-conjugated rat anti-human
integrin a6, R-PE-conjugated rat anti-human integrin b4, APC-conjugated mouse anti-human integrin b1, and FITC-conjugated rat anti-human
CD71, together with matched isotype controls (PharMingen, San Diego, California). Samples were analyzed using a FACSCalibur cell sorter (Becton
Dickinson, Franklin Lakes, New Jersey).
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hTERT, failed to show significant differences in protein ex-
pression (data not shown). Analysis of telomere length in
genomic DNA samples extracted from keratinocytes grown
on hydrophobic and TC dishes revealed similar telomere
lengths at identical passage numbers until cells on TC
dishes underwent senescence (Fig 2B). Marked telomere
shortening was detected only at later passages of HFK
growing on hydrophobic plates (beyond passage 20), (Fig
2B). This progressive telomere shortening correlates with a
late onset of p16INK4A expression; hence, we conclude that
these cells do not necessarily undergo p16INK4A-induced
replicative senescence, but may reach the end of their bi-
ological life span due to telomere erosion (Stewart et al,
2003).
Higher Proliferative Potential Correlates with Increased
Expression of Integrin a6b4 Integrin a6 forms het-
erodimers with integrin b1 or b4, and constitutes the ma-
jor receptor for laminin. Integrin a6b4 is normally expressed
on the basal cell surface and intercellular contacts and
plays an important role in cell migration (Mercurio et al,
2001). FACS analysis of integrin expression revealed a sig-
nificant increase of integrin a4b6 expression in cells growing
on hydrophobic dishes, whereas expression of integrin b1,
another dimerization partner of integrin a6, and proposed
stem cell marker (Jones and Watt, 1993), and CD71 was
unchanged (Fig 2C). These results are consistent with other
reports (Kaur and Li, 2000; Tani et al, 2000) and suggest that
integrin a6b4 may be a marker for a subset of HFK with
higher proliferative potential.
In summary, we have shown that hydrophobic culture
dishes allow for long-term maintenance of primary human
foreskin keratinocytes that harbor a greater proliferative
potential. These cell populations show delayed onset of
senescence, exhibit increased colony formation potential,
and express higher levels of integrin a6b4. Further research
is needed to identify more specific KSC markers and to
investigate whether the observed prolonged life span of
a6b4-enriched keratinocyte subpopulations is due to en-
richment of progenitor cells in these populations.
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